Previous studies have shown that antegrade conduction through damaged His Purkinje tissue may be suppressed following rapid ventricular pacing (overdrive suppression of conduction). We studied this phenomenon using isolated Purkinje fibers placed in a threechamber bath. Superfusates for the left, middle, and right segments of the fiber were altered to produce action potentials that resembled those of normal bundle branch, damaged His bundle, and normal His bundle, respectively. To produce anisotropic conduction, the left segment of the fiber was adjusted to be three to four times longer than the right segment. Pacing the right segment at intermediate rates produced maximal action potential amplitude in the middle segment and 1:1 right-to-left conduction, whereas pacing at faster or slower rates reduced action potential amplitude and produced block. Pacing the left segment at fast or slow rates also reduced action potential amplitude in the middle segment, but conduction was maintained (anisotropy). After rapid or slow left segment pacing, action potential amplitude in the middle segment remained low during subsequent right segment pacing at intermediate rates, and transient block occurred (overdrive or underdrive suppression of conduction). With time, action potential amplitude normalized and conduction resumed. In other more severely depressed preparations, conduction block occurred even at intermediate right segment pacing rates prior to left segment pacing. Under these conditions, pacing the left segment at intermediate rates increased action potential amplitude in the middle segment and temporarily permitted 1:1 conduction at intermediate right segment pacing rates (overdrive facilitation of conduction). These observations suggest that overdrive and underdrive suppression of conduction and overdrive facilitation of conduction are related phenomena whose occurrence requires anisotropy across a region of depressed cells, biphasic, primarily time-dependent changes of diastolic excitability in the depressed cells, and voltagedependent excitability in normal cells surrounding the depressed region. These results may have implications for rate-dependent block in the His Purkinje system. (Circ Res 57: 35-45, 1985) 
SUMMARY. Previous studies have shown that antegrade conduction through damaged His Purkinje tissue may be suppressed following rapid ventricular pacing (overdrive suppression of conduction). We studied this phenomenon using isolated Purkinje fibers placed in a threechamber bath. Superfusates for the left, middle, and right segments of the fiber were altered to produce action potentials that resembled those of normal bundle branch, damaged His bundle, and normal His bundle, respectively. To produce anisotropic conduction, the left segment of the fiber was adjusted to be three to four times longer than the right segment. Pacing the right segment at intermediate rates produced maximal action potential amplitude in the middle segment and 1:1 right-to-left conduction, whereas pacing at faster or slower rates reduced action potential amplitude and produced block. Pacing the left segment at fast or slow rates also reduced action potential amplitude in the middle segment, but conduction was maintained (anisotropy). After rapid or slow left segment pacing, action potential amplitude in the middle segment remained low during subsequent right segment pacing at intermediate rates, and transient block occurred (overdrive or underdrive suppression of conduction). With time, action potential amplitude normalized and conduction resumed. In other more severely depressed preparations, conduction block occurred even at intermediate right segment pacing rates prior to left segment pacing. Under these conditions, pacing the left segment at intermediate rates increased action potential amplitude in the middle segment and temporarily permitted 1:1 conduction at intermediate right segment pacing rates (overdrive facilitation of conduction). These observations suggest that overdrive and underdrive suppression of conduction and overdrive facilitation of conduction are related phenomena whose occurrence requires anisotropy across a region of depressed cells, biphasic, primarily time-dependent changes of diastolic excitability in the depressed cells, and voltagedependent excitability in normal cells surrounding the depressed region. These results may have implications for rate-dependent block in the His Purkinje system. (Circ Res 57: 35-45, 1985) SEVERAL clinical studies have reported transient antegrade atrioventricular (AV) or bundle branch block following a period of rapid ventricular pacing (Langendorf and Pick, 1971; Runge and Narula, 1973; Wald and Waxman, 1981, Fisch, 1984) . This phenomenon also has been demonstrated in a canine model of His bundle infarction by El-Sherif and co-workers (1975) and, more recently, by ourselves (Takahashi et al., 1984) . In the latter study, the degree of AV block following overdrive ventricular or His bundle pacing depended on the duration and rate of pacing, appeared to occur in or distal to the infarcted His bundle, and did not occur after overdrive atrial pacing. In vitro microelectrode studies of the His bundle region revealed that the damaged portion of the His bundle could be driven at faster rates by pacing the bundle branches than by pacing the non-infarcted proximal His bundle. Overdrive pacing of the bundle branches reduced action potential amplitude in damaged His bundle cells and induced transient block of impulses initiated in the proximal His bundle.
Because of inherent difficulties in obtaining and maintaining the in vitro preparations of infarcted His bundles, we developed a model of overdrive suppression of conduction, using isolated Purkinje fibers placed in a three-chamber bath. The composition of the perfusate in each chamber was altered to produce action potentials that resembled those of normal bundle branch, damaged His bundle, and normal His bundle. Using this model, we were able to investigate possible mechanisms for overdrive suppression of conduction. In the course of these studies, it became apparent that overdrive suppression of conduction was one element of a spectrum of conduction disturbances that included underdrive suppression and overdrive facilitation of conduction.
Methods
Mongrel adult dogs of either sex weighing 15-25 kg were anesthetized with sodium secobarbital (30 mg/kg, iv), and their hearts were rapidly excised and placed in cool (24°C) Tyrode's solution. Long unbranched false tendons obtained from either ventricle were threaded through a three-chamber tissue bath. The length of the segment of the fiber in the left chamber (10-15 mm) was three to four times that of the fiber in the right chamber. The chambers were separated by perforated rubber membranes; the width of the center chamber was 3.0 mm. Coiled Ag-AgCl ground electrodes were located in the outer chambers, and bipolar Teflon-coated stimulating electrodes were placed on each end of the fiber. Initially, all chambers were superfused with oxygenated (95% Oz, 5% CO 2 ) Tyrode's solution maintained at 37.0 ± 0.5°C and pH 7.4. The composition of the Tyrode's solution in mM was: MgCl^ 0.5; NaH 2 PO 4 , 0.9; CaClz, 2.0; NaCl, 137.0; NaHCOj, 18.0; KC1, 4.0; glucose, 5.0.
The fiber was paced at basic cycle lengths of 200-2000 msec, depending on the protocol (see below), using 2msec-long rectangular pulses delivered at an intensity of 1.5-2.0 times the diastolic threshold. Transmembrane potentials were recorded using glass microelectrodes filled with 3 M KC1 (DC resistance 10-30 Mfi) that were coupled to Ag-AgCl wires leading to high impedance, capacitanceneutralizing amplifiers (models M707 and M701, W-P Instruments, Inc.). To determine the current threshold for excitation, we injected rectangular current pulses of 10msec duration and various intensities through the recording microelectrode. After injection of the current pulse, the amplifier reverted to the recording mode, and the presence or absence of an action potential was noted. The recordings were displayed on a storage oscilloscope (Tektronix 5115) and photographed with a Polaroid camera (C-59).
After 60-90 minutes of equilibration, the middle segment of the fiber was superfused with an altered Tyrode's solution containing 10-15 mM KG and 5.5 mM NaHCO 3 . The solution was gassed with 95% N 2 and 5% CO 2 to produce a pH of approximately 6.7 and a Po? < 40 mm Hg. The right segment was superfused with a Tyrode's solution containing 6-10 mM KC1 at normal pH and Po? to depolarize cells to typical resting membrane potentials for proximal bundle branch cells (-80 to -70 inV) Takahashi et al., 1984) . The left segment was superfused with normal Tyrode's solution. The concentration of KG in the middle chamber was adjusted to produce conduction block during pacing of the right segment of the fiber at basic cycle lengths less than 400 msec. Due to the larger mass of more highly polarized cells in the left segment of the fiber (Jalife and Moe, 1979) , conduction from the left to the right segment at basic cycle lengths greater than 300 msec usually was maintained under these conditions.
After 60-90 minutes of equilibration in the altered Tyrode's solution, the right segment of the fiber was paced at the shortest cycle length at which 1:1 conduction from right to left segments occurred. Thereafter, the left segment either was paced for a variable number of stimuli (10-150) at the shortest cycle length at which 1:1 conduction from left to right segments occurred, or was paced at various cycle lengths (200-2000 msec) for the same number of stimuli. Immediately after the last stimulus of the train delivered to the left segment, the right segment was paced at the same cycle length that previously had produced 1:1 conduction, and times to the first conducted action potential and to restoration of 1:1 conduction were determined. These data were used to establish the dependence of overdrive suppression of conduction on the pacing duration and frequency.
In addition, after pacing the left segment of the fiber, as described above, we scanned the diastolic interval using Circulation Research/Vo/. 57, No. 1, July 1985 single stimuli delivered to the right segment. The presence or absence of right-to-left conduction was plotted as a function of the coupling interval (Si-S 2 ) and the previous pacing cycle length (Si-Si) to determine zones of conduction and block. Although the relationship between coupling interval and zones of conduction or block was consistent within a given preparation, the relationship varied between preparations. Therefore, coupling intervals subsequently will be referred to as short, intermediate, or long, relative to the particular preparation being discussed.
Since conduction across the middle segment of the fiber appeared to depend on the excitability of the outer segments, as well as on action potential amplitude in the middle segment, the intracellular current threshold for excitation in the left segment was determined after delivery of a train of 20 pacing stimuli to the left segment at various cycle lengths. The current threshold was plotted as a function of the diastolic membrane potential in the left segment, as determined using high-gain recordings. These data were used to establish a relationship between rate-dependent changes in diastolic depolarization, excitability in the left segment of the fiber, and conduction from right to left across the middle segment.
Statistics
Data were analyzed by Student's f-test for paired data or curve-fitting programs for monoexponential, biexponential, and linear relationships. Differences in slopes and intercepts were determined by analysis of variance. Figure 1 is an example of overdrive suppression of conduction. Pacing the right segment of the fiber at a cycle length of 450 msec produced 1:1 conduction to the left segment (not shown). At cycle lengths between 280 and 430 msec, action potentials initiated in the right segment blocked in the middle segment, whereas action potentials initiated in the left segment conducted to the right segment. Thus, conduction across the middle segment was anisotropic. After pacing the left segment at a cycle length of 350 msec, pacing the right segment at a cycle length of 450 msec produced transient block of right-to-left conduction (Fig. 1A ). In general, the time to the first conducted action potential and the time to restoration of 1:1 conduction increased as the duration of overdrive pacing was increased from 10-30 stimuli. Overdrive pacing at a shorter cycle length (300 msec; Fig. IB ) produced more marked suppression of conduction that also was dependent on the duration of pacing. Overdrive suppression of conduction was produced in 15 additional preparations, although the pacing cycle lengths and number of stimuli at which overdrive suppression of conduction occurred varied between preparations. The results of six experiments in five different preparations in which a relatively complete characterization of overdrive suppression of conduction was performed are plotted in Figure 2 .
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FIGURE 1. Overdrive suppression of conduction. Panel A the upper, middle, and lower recordings in each panel were obtained from the left (U, middle (M), and right (R) segments, respectively, of a Purkinje fiber placed in the three-chamber bath. The horizontal lines to the left of each recording represent zero potential. After delivery of a train of 10, 20, or 30 stimuli at a cycle length of 350 msec to the left segment of the fiber (upper, middle, and lower panels, respectively), the right segment was paced at a cycle length (450 msec) that had produced V.I right-to-left conduction prior to overdrive pacing. Action potentials produced by the last stimulus of the train are on the left, and the beginning of right segment pacing is indicated by the arrows. Panel B: same experiment and stimulation protocol as panel
Results
Overdrive Suppression of Conduction
In eight of the 16 preparations demonstrating 37 overdrive suppression of conduction, the diastolic interval was scanned using Single stimuli delivered to the right segment of the fiber after the left segment had been paced with a train of 20 stimuli at various cycle lengths. As predicted by the results shown in Figure 1 , stimuli delivered at short coupling intervals failed to conduct, whereas stimuli delivered at longer coupling intervals conducted. However, stimuli delivered after still longer coupling intervals failed to conduct in seven of the fibers (Fig.  3 ). The 'window* of coupling intervals during which conduction occurred was a function of the preceding pacing cycle length ( Fig. 4) . After pacing at relatively short cycle lengths, the 'window' was narrow. As the pacing cycle length increased, the minimum coupling interval at which conduction occurred decreased slightly, whereas the maximum coupling interval increased markedly (Fig. 4) . The effects of the pacing cycle length on the width of the conduction 'window' in five preparations are summarized in Table 1 . The narrowest conduction 'window,* defined by SiS 2mix -SiS2min/ occurred following pacing of the left segment of the fiber at a mean cycle length of 550.0 msec (upper set of data). The widest conduction 'window* occurred after pacing at a mean cycle length of 1020.0 msec (lower set of data). Prolonging the pacing cycle length decreased SiS2min by 67.5 msec, whereas SiS 2m ax increased by 2330 msec (P < 0.05). A decrease in SiS2min occurred in all five preparations, but the change was not statistically significant, due to variations between preparations. 
FIGURE 2. The effects of the overdrive pacing cycle length of the left segment (BCU left abscissa) and the number of pacing stimuli (right abscissa) on the time to the first conducted action potential (AP) following return to right segment pacing dower ordinate) and the time to restoration of 1:1 right-to-left conduction (upper ordinate). When the pacing cycle length was varied, the number of stimuli remained constant at 10-50, depending on the preparation. When the number of stimuli was varied, the pacing cycle length was kept constant at 300-400 msec. Right segment pacing cycle lengths were constant at 430-750 msec. Different symbols represent different preparations (n «= 5). Two experiments are shown for one preparation, represented by filled circles. Typically, the time to the first conducted action potential and the time to restoration of 1:1 conduction increased as the pacing cycle length was shortened or as the number of pacing stimuli was increased.
tracings, respectively. Following the last stimulus of a train of 20 stimuli delivered to the left segment at a basic cycle length of 500 msec, single stimuli were delivered to the right segment and the shortest coupling interval at which right-to-left conduction occurred was determined. Pacing the right segment at a cycle length of 600 msec normally produced 1:1 conduction (not shown). After pacing the left segment, the shortest coupling interval at which right-to-left conduction occurred was 1000 msec (panel A). Action potential amplitudes in the middle and right segments were 56 and 96 mV, respectively. If the coupling interval was greater than 1400 msec, right-to-left block occurred (panel B). Block was associated with a reduction of action potential amplitude in the middle and right segments to 47 and 95 mV, respectively. Vertical calibration, 50 mV. Horizontal calibration, 1 second.
One determinant of the conduction 'window* appeared to be the action potential amplitude of cells in the middle segment of the fiber. Figure 5 illustrates that the amplitude of the action potential in the middle segment was low following short coupling intervals ( Fig. 5A ) and was maximal following intermediate coupling intervals. Thereafter, action potential amplitude progressively decreased as the coupling interval was prolonged. Note that the amplitude of the action potential in the middle segment produced by pacing the right segment was less for any coupling interval than during pacing from the left segment. Rate-related changes of action potential amplitude also occurred in cells of the right and left segments of the fiber that were within 1-2 mm of the middle segment (Fig. 6 ). The amount of decline of action potential amplitude in all cells appeared to depend on the resting membrane potential, since cells with resting membrane potentials 
FIGURE 5. Superimposed action potential recordings from the left (upper tracings) and middle (lower tracings) segments of the Purkinje fiber used for the experiment shown in Figure 4. Panels A, B, and C illustrate "windows' of right-to-left conduction after pacing the left segment at cycle lengths of 750, 700, and 650 msec, respectively. After stimulation at short coupling intervals (e.g., 300 msec, first action potential in panel A), action potential amplitude in the middle segment was low and block .occurred. At longer coupling intervals (500-600 msec, panels A-C), action potential amplitude in the middle segment increased and conduction to the left segment occurred. Conduction to the left segment was accompanied by a secondary action potential upstroke in the middle segment. As the coupling interval was prolonged further, action potential amplitude in the
FIGURE 6. Relationship between the pacing cycle length of the right segment of the fiber (BCL; abscissa) and the action potential amplitude (APA) of a cell in the right segment of the fiber located within 0.5 mm of the border with the middle segment, and a cell located within the middle segment. Since action potential amplitude varied by ±1
mV at each pacing cycle length, 20 action potentials were recorded and the mean values are shown. Action potential amplitude increased as the coupling interval was prolonged from 250-300 msec, but declined by 6 mV in the right segment and by 10 mV in the middle segment as the pacing cycle length was increased further to 1600 msec. Resting membrane potential was -66 mV in the right segment and -60 mV in the middle segment. more negative than -70 mV showed no rate-related decline of action potential amplitude, whereas cells with resting membrane potentials of -60 to -65 mV showed the largest decline of action potential amplitude (5-15 mV). At resting membrane potentials less negative than -60 mV, the rate-related decline of action potential amplitude appeared to be less marked (2-8 mV), although few cells had membrane potentials in this range.
The maximum action potential amplitude in the middle segment and its rate of decline as the coupling interval was prolonged were functions of the preceding left segment pacing cycle length, as demonstrated in Figure 7 . The data in this figure were taken from the experiment shown in Figure 5 . Panel A is a plot of the action potential amplitude in the middle segment (ordinate) as a function of the coupling interval (abscissa) after the left segment had been paced at cycle lengths of 600, 650, 900, and 1300 msec. It is obvious, from Figure 7A , that action potential amplitude in the middle segment of the fiber was not the sole determinant of right-to-left conduction, since action potential amplitude was less after pacing at a cycle length of 1300 msec than after pacing at a cycle length of 650 msec, yet conduction occurred over a wider range of coupling intervals after pacing at the longer cycle length. Similarly, action potential amplitude was greater after pacing at a cycle length of 600 msec than after pacing at a cycle length of 900 msec, yet complete block occurred after pacing at the shorter cycle length. Therefore, we investigated the possibility that excitability in the left segment of the fiber also influenced the degree of right-to-left conduction block. Panel B of Figure 7 illustrates examples of diastolic depolarization in the left segment following left segment pacing at various cycle lengths. The data are from the same experiment illustrated in panel A. As expected, there was a reduction in the slope of phase four depolarization and a slight increase in the maximum diastolic potential as the pacing cycle length was shortened.
The time courses of diastolic depolarization in the left segment of the fiber and the decline of action potential amplitude in the middle segment depended on the preceding left segment pacing cycle length. Over the range of coupling intervals studied (300-5000 msec), these processes most often were biexponential, although the shape of the curves
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FIGURE 8. Relationship between the preceding left segment pacing cycle length (Sj-S^ abscissa) and (1) the maximum action potential amplitude in the middle segment produced by stimulation of the right segment at a coupling interval of 500 msec (intercept-filled circles; left ordinate); (2) the rate of decline in action potential amplitude of the middle segment as the coupling interval was increased from 500-2000 msec {-slope -filled squares; right ordinate); and (3) the rate of diastolic depolarization in the left segment of the fiber (+slopeunfilled squares; right ordinate). Intercepts and slopes of linear decline in action potential amplitude and membrane potential were calculated from data in panels A and B of
500-2000 msec (r > 0.97 for all lines). Data for action potential amplitude are expressed as means ± sa SD IS omitted for membrane potential data, since the number of points sampled (4) was arbitrary. See text for discussion. •
depended on the previous pacing cycle length (Fig.  7, A and B) and varied between preparations. The rates of decline in action potential amplitude and of diastolic depolarization over the range of coupling intervals from 300-2000 msec were described equally well by monoexponential or linear equations (Fig. 8) . In general, the rate of decline in action potential amplitude (slope) correlated with the maximum action potential amplitude achieved (intercept) (r > 0.96); i.e., the greater the maximum action potential amplitude at intermediate coupling intervals, the faster its decline as the coupling interval was prolonged, regardless of the preceding pacing cycle length [compare values at cycle lengths of 600 and 750 msec (Fig. 8) ]. The rate of decline in action potential amplitude of the middle segment was greater than the rate of diastolic depolarization in the left segment after the left segment was paced at cycle lengths less than 900 msec (Fig. 8 ). After longer pacing cycle lengths, the rates of diastolic depolarization tended to be slightly faster than the rate of decline in action potential amplitude. These data suggest that relatively large amplitude action potentials in the middle segment of the fiber were not conducted to the left segment after periods of rapid pacing because the membrane potential of the left segment was too far from threshold. After pacing at intermediate cycle lengths, conduction from the middle to the left segment occurred when action potential amplitude in the middle segment was high and the membrane potential in the left segment was closer to threshold. However, as the = 0.0226 ± 0.0011; r = 0.98) .
FIGURE 9. Relationship between diastolic membrane potential and the current threshold for excitation in the left segment of the fiber after pacing the left segment at various cycle lengths (indicated to the right and left of the traces in panels A and B and in the legend for panel C). Panel A: diastolic membrane potential (ordinate) decreased exponentially (y = ae*) with time (abscissa). As the pacing cycle length was shortened, the maximum diastolic membrane potential increased and the rate of diastolic depolarization decreased (see Table 2). Panel B: excitation threshold (ordinate) decreased exponentially with time (abscissa). As the pacing cycle length was shortened, the maximum excitation threshold increased and the rate of change with time decreased (see Table 2). Panel C the relationship between membrane potential (ordinate) and excitation threshold (abscissa) wa c linear (slope
coupling interval was prolonged, the rate at which action potential amplitude declined was greater than the rate at which membrane potential approached threshold, and block occurred at long coupling intervals. The rate of decline in action potential amplitude after pacing at the slower rates apparently paralleled the rate of diastolic depolarization, and conduction was maintained over a wider range of coupling intervals.
The explanation given above assumes that membrane potential in the left segment was directly proportional to excitability. Although previous studies have established a correlation between membrane potential and excitability in Purkinje fibers (Peon et al., 1978) , we determined whether a similar relationship occurred in our model. The results of one of these experiments are shown in Figure 9 . Panel A shows tracings of the change in membrane potential in the left segment of the fiber following the last stimulus of a train of 20 stimuli delivered at various cycle lengths to the left segment. As mentioned previously, the relationship between membrane potential and diastolic interval was monoexponential (y = ae^; r 2 > 0.88). The rate of diastolic depolarization (which corresponds to the slope *b* of the exponential equation) was reduced and the maximum diastolic potential (which corresponds to the constant 'a') became more negative as the pacing cycle length was shortened (Table 2) .
Current threshold determinations at various times during diastole are shown in panel B. In addition to the threshold measurements in panel B, the current threshold was determined at 100-msec intervals over 500-2000 seconds of diastole after pacing at cycle lengths of 300, 500, 700, 1000, and 1500 msec. The relationship between current threshold and diastolic interval was monoexponential (r 2 > 0.91). Shortening the pacing cycle length increased the current threshold at the maximum diastolic potential (represented by "a') and reduced its rate of decline (represented by "b') as the diastolic interval lengthened ( Table 2) .
The current threshold obtained after pacing at several cycle lengths was plotted as a function of diastolic membrane potential in panel C. Over this range of membrane potentials, current threshold decreased linearly as the membrane potential became less negative (slope = -0.0226 ± 0.0011; r = 0.98). Similar results were obtained in two additional preparations. Thus, current threshold in the left segment of the fiber was directly proportional to membrane potential.
Multiple "Windows" of Conduction
Following overdrive pacing in three preparations, there were two or three "windows' of conduction. An example of one of these experiments is shown in Figure 10 . In this experiment, the right segment of the fiber was superfused with normal Tyrode's solution but was spontaneously depressed. The left segment was superfused with normal Tyrode's solution, and the middle segment was superfused with altered Tyrode's solution containing 10 mM KG. As in the experiments shown previously (e.g., Fig. 5 ), single stimuli were delivered to the right segment of the fiber at various coupling intervals after delivery of 20 stimuli to the left segment at a cycle length of 300 msec. "Windows' of conduction occurred at coupling intervals of 300-700 msec and 1600-2000 msec. The presence or absence of conduction appeared to involve an interplay between waxing and waning action potential amplitude in the right and middle segments and was not associated with obvious oscillations in the resting membrane potential of any segment of the fiber. 800 1600 2200 FIGURE 10. Multiple "windows" of conduction in a preparation with a spontaneously depolarized right segment. Upper, middle, and lower action potentials were recorded from the right (R), middle (M), and left (U segments, respectively. Pacing protocol similar to that in Figure 3 . Conduction "windows' occurred at Si-Sj intervals of 300-700 msec and 1600-2000 msec and were surrounded by zones of block associated with decreased action potential amplitude in the right and middle segments of the fiber (indicated by the arrows). Vertical calibration, 50 mV. Horizontal calibration, 400 msec.
Conduction Block during Continuous Pacing at Slow or Rapid Rates
As shown in the previous section, conduction from the right segment of the fiber to the left segment occurred most readily when single stimuli were delivered after intermediate coupling intervals. It might be expected, therefore, that continuous pacing at intermediate cycle lengths would produce conduction from right to left, whereas pacing at very short or very long cycle lengths would produce block. This expectation was confirmed in three experiments in which the degree of right-to-left conduction block was determined while the right segment of the fiber was paced continuously at various cycle lengths.
An example of one of these experiments is shown in Figure 11 . At a pacing cycle length of 1000 msec, 4:1 or 5:1 block occurred. As the cycle length was shortened to 600 and 450 msec, the degree of conduction block was reduced to 5:2 and 2:1, respectively. Further shortening of the cycle length to 250 msec increased the degree of block to 5:1. At a cycle length of 1000 msec, right-to-left conduction occurred only when the left segment was near threshold, whereas action potentials in the left segment were elicited at more negative membrane potentials during pacing at shorter cycle lengths, due to increased action potential amplitude in the middle segment.
Although steady state conduction block during pacing at a cycle length of 450 msec was 2:1, higher degrees of block occurred transiently when the cycle length was shortened abruptly from 1000 msec (underdrive suppression of conduction). Less time was required to establish stable 2:1 block when the cycle length was shortened from 600 msec to 450 msec. Kate-dependent facilitation and suppression of conduction. Upper, middle, and lower recordings were obtained from the left  (U, middle (M), and right (R) segments of the fiber, respectively. Panel  A-pacing the right segment at a cycle length of 1000 msec produced  5:1 or 4:1 block. Panels B and C shortening the pacing cycle length  to 600 and 450 msec reduced the degree of block to 5:2 and 2.3,  respectively. Panel D: further reduction of the pacing cycle length to  250 msec increased the degree of block to 5:1. See text for further  discussion. Vertical calibration, 50 mV. Horizontal calibration, 2 seconds.
Facilitation of Conduction at Slow Pacing Rates
In four preparations, various degrees of right-toleft conduction block occurred during right segment pacing at intermediate or long cycle lengths (e.g., Fig. 11A ). The degree of conduction block could be reduced by prior pacing at intermediate cycle lengths, since action potential amplitude in the middle segment increased during pacing at intermediate cycle lengths and temporarily remained elevated during subsequent pacing at long cycle lengths. This phenomenon represents overdrive facilitation of conduction.
It was easier to facilitate right-to-left conduction by first pacing the left segment, since left segment pacing often resulted in more frequent capture of the middle segment than did right segment pacing; i.e., it was easier to establish pacing at an intermediate cycle length. However, improved conduction also occurred after overdrive pacing of the right segment, as illustrated in Figure 12 . Pacing the right segment at a cycle length of 900 msec produced 2:1 right-to-left block (effective cycle length = 1800 msec). Subsequent right segment pacing at a cycle length of 400 msec also produced 2:1 block (effective cycle length = 800 msec), but on return to a pacing cycle length of 900 msec, 1:1 conduction occurred.
The changes in action potential configuration in the three fiber segments during the different pacing rates are shown in Figure 13 . Panel A shows 2:1 block during pacing of the right segment at a cycle length of 900 msec; these two sets of action potentials are superimposed in panel B at a faster sweep speed. The action potential amplitudes of cells in the right and middle segments were the same for both cycles, but diastolic depolarization in the left segment of the fiber presumably permitted capture after the second cycle. Action potentials recorded during capture of the left segment at pacing cycle lengths of 900 and 400 msec are given in panels C and D, respectively. During pacing at the faster rate, facilitation of conduction. Upper, middle, and  lower recordings mere obtained from the left (L), middle (M), and right  (R) segments of the fiber, respectively. During pacing of the right  segment at a cycle length of 900 msec, 2.1 block occurred (left). The  right segment then was paced at a cycle length of 400 msec, during  which 21 block also occurred (middle). However, subsequent pacing  at a cycle length of 900 msec produced 1:1 conduction (right). Vertical  calibration, 50 mV. Horizontal calibration, 5 action potential amplitude in the right and middle chambers increased. On return to a cycle length of 900 msec (panel E), action potential amplitude in the right and middle segments remained elevated and 1:1 conduction to the left segment occurred. With time, action potential amplitude decreased to previous values and 2:1 block resumed. This is illustrated in panel F, in which action potentials recorded immediately and 30 seconds after return to a pacing cycle length of 900 msec are superimposed.
Discussion
The results of this study indicate that rate-dependent biphasic changes of action potential amplitude in depressed Purkinje cells may participate in a spectrum of conduction disturbances. Conduction through regions of depressed cells occurred most readily during pacing at intermediate rates, when action potential amplitude was maximal. Stimulation at faster or slower rates reduced action potential amplitude and often produced block unless there was a concomitant increase in the amplitude of action potentials entering the depressed region or in the excitability of cells distal to the depressed region.
Continuous pacing at rapid or slow rates produced cumulative reductions of action potential amplitude that were reversed slowly when pacing was returned to an intermediate pacing rate. In the setting of anisotropic conduction, it was possible to pace the 43 depressed middle segment of the fiber at faster or slower rates by stimulating the left segment of the fiber than by stimulating the right segment. Accordingly, right-to-left conduction at intermediate pacing rates could be suppressed temporarily by prior overdrive or underdrive left segment pacing. In addition, right-to-left conduction at fast or slow rates could be facilitated temporarily by prior pacing at intermediate rates.
Conduction across the depressed segment of the fiber also depended on the rate of diastolic depolarization in tissue distal to the depressed region, since excitability depended on the membrane potential of the distal segment. Interactions between the increase and decrease of action potential amplitude in the depressed segment with varying coupling intervals and the rate of diastolic depolarization in more normally polarized surrounding myocardium produced 'windows' of conduction, the widths of which were affected by the previous pacing cycle length.
Cumulative Alterations in Action Potential Amplitude after a Change in Coupling Interval
Switching from fast or slow pacing rates to pacing at an intermediate rate usually wa c . accompanied by a gradual increase in action potential amplitude in the depressed segment of the fiber until a new steady state was achieved. Conversely, a gradual decrease in action potential amplitude occurred when the pacing rate was switched from an intermediate rate to a fast or slow rate. Due to the relatively small changes in action potential involved, it was not possible to characterize in detail the time course of such positive and negative staircases. Nevertheless, we did observe that acclimation of action potential amplitude following a change in the pacing rate was related to the duration and rate of overdrive or underdrive pacing, and that changes in action potential amplitude could occur without a change in resting membrane potential.
The mechanism(s) for the cumulative changes in action potential amplitude following a change in the pacing rate might include accumulation of intracellular sodium (Cohen et al., 1982) , calcium (DeMello, 1975; Wotjzak, 1979; Lado et al., 1982) , or extracellular potassium (Kline and Morad, 1978) . In addition, the mechanisms may have differed for overdrive vs. underdrive pacing. Previous studies of biphasic, rate-related changes of action potential amplitude and excitability in depolarized atrial myocardium (Cukierman and Paes de Carvalho, 1982; Masuda and Paes de Carvalho, 1982) and Purkinje fibers Antzelevitch et al., 1983) have suggested that incomplete reactivation of inward calcium current may contribute to reduction of action potential amplitude at short coupling intervals. Preliminary data (Gilmour and Salata, 1985) suggest that the reduction of action potential amplitude at long coupling intervals may be due to more 44 complete recovery of the transient outward current (Fozzard and Hiraoka, 1973; Boyett, 1981) .
Interactions between Conduction and Automatidty
Although the increase and decrease of action potential amplitude in the middle segment of the fiber was related to the success or failure of conduction between the outer segments, the absolute value of action potential amplitude at any given coupling interval varied according to the region of the middle segment sampled. In general, action potential amplitude was greatest near the border between the middle segment and the outer segment being stimulated, and decrement of action potential amplitude occurred across the middle segment. Similarly, diastolic membrane potentials in the outer segments of the fiber were lower near the border with the middle segment and higher near the ends of the fiber.
Given the above observations, success or failure of conduction between the outer segments could not be correlated with absolute values of action potential amplitude in the middle segment and membrane potential in the outer segments. Instead, the interaction of action potential amplitude and diastolic membrane potential was expressed in terms of rates of change, and the assumption was made that the rates of change were uniform within each segment of the fiber. This assumption introduces some inaccuracies, since the rate of change of action potential amplitude and diastolic membrane potential depended on the initial values for each parameter. Nevertheless, the relationship between action potential amplitude, diastolic membrane potential, and the success or failure of conduction appeared to be adequately described by this method, at least in a qualitative manner.
Implications for Bundle Branch Block
By subjecting a normal Purkinje fiber to an abnormal in vitro extracellular environment, we were able to recreate phenomena demonstrated previously in damaged His Purkinje systems in vivo and in vitro. Although the present model has the advantage that the pathways of conduction can be identified and manipulated in a relatively controlled setting, several aspects of the in vivo situation may be absent from the model. These include the presence of cellular membrane damage induced by ischemia and possible three-dimensional interactions between the His bundle and the AV node and between the bundle branches and adjacent myocardium. Nevertheless, our results suggest that transient anterograde AV block following rapid ventricular pacing (overdrive suppression of conduction) may be due to residual reductions of action potential amplitude in depressed Purkinje cells and reduced excitability of more normally polarized cells distal to the depressed segment. The failure to observe suppression of conduction following rapid atrial Circulation Research/VoZ. 57, No. 1, July 1985 pacing (Runge and Narula, 1973; Takahashi et al., 1984) may be due to anisotropy in the depressed His bundle; i.e., impulses originating in the bundle branches can invade the His bundle at short coupling intervals and produce cumulative reductions of action potential amplitude, whereas anterogradely directed impulses block in the His bundle and fail to activate continuously the depressed segment.
Our results also suggest that His Purkinje block may occur following ventricular pacing at slow rates, although we did not test for this phenomenon in vivo (Takahashi et al., 1984) . Perhaps depression of action potential amplitude in His Purkinje cells during slow pacing rates may contribute to the perpetuation of AV block during a slow ventricular escape rhythm. Alternatively, conduction through diseased bundle branches at rapid or slow pacing rates may be facilitated by prior pacing at an intermediate rate. In this regard, there are clinical reports describing the presence of bundle branch block during normal sinus rhythm, return to normal intraventricular conduction during subsequent slowing of the heart rate, and temporary maintenance of normal intraventricular conduction when the heart rate accelerated back to rates at which block had occurred previously (Gardberg and Rosen, 1958; Fisch et al., 1973) .
As suggested previously Antzelevitch et al., 1983) , reduction of action potential amplitude in depressed Purkinje cells following long or short coupling intervals may be responsible for so-called bradycardia-and tachycardia-dependent bundle branch block (Singer et al., 1967; Rosenbaum et al., 1973) . This explanation obviates the need to invoke prolongation of action potential duration to account for tachycardia-dependent block, phase four depolarization to explain bradycardia-dependent block, or supemormality to explain normal conduction at intermediate cycle lengths. Our data support this view and suggest further that the propensity to develop tachycardia-or bradycardia-dependent block may relate to the heart rate preceding the tachycardia or bradycardia, since the preceding heart rate will determine the initial values for action potential amplitude in the depressed segment and excitability of cells distal to the depressed segment.
